In this study, Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ proton-conducting ceramics are synthesized both using the solid-state reaction (SSR) and ethylenediaminetetraacetic acid (EDTA)-citrate complexing methods. The crystal structure, electrical conductivity, electrochemical performance and hydrogen permeation of the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ ceramics are investigated. The conductivity of the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ prepared by EDTA-citrate complexing method is 0.0081 S/cm at 800°C, which is about twice that of sample prepared by SSR method (0.0039 S/cm). The hydrogen permeation flux of the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ prepared by EDTA-citrate complexing method increases from 1.102 to 1.745 ml min ¹1 cm ¹2 as the temperature increases from 500 to 800°C, which is higher than that of sample prepared by SSR method (0.574 to 1.466 ml min ¹1 cm ¹2 ). The structure stability of the all Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ samples is good in water, no structure decomposition phenomenon is oberved.
Introduction
Ceramic separation membrane is one of many kinds of hydrogen separation materials, but it is only one that can operate at high temperatures. It is well known that perovskite-type SrCeO 3 -based ceramics, which is firstly reported by Iwahara, 1) exhibit proton conductivity in humid or reducing atmospheres at high temperatures. Recently, this dense ceramic membrane have attracted considerable attention, because of their potential applications such as the electrolyte of proton conducting solid oxide fuel cells (P-SOFC), 2) gas sensor devices, 3) membrane reactors and separators. 4),5) Most of the high temperature proton conductors are doped compounds base on the matrix materials, including: (1) SrCeO 3 , 6),7) (2) BaCeO 3 , 8) and (3) SrZrO 3 . 9) BaCeO 3 -base oxide is an oxygen-ion and proton mixed conductor, and the oxygen-ion conductivity is higher than proton conductivity especially at high temperature. In contrast, SrCeO 3base oxide has high proton conductivity at high temperature; 10), 11) therefore, the hydrogen flux of SrCeO 3 -base oxide is higher than that of BaCeO 3 -base oxide. 12), 13) In addition, the structure stability of SrCeO 3 -base oxide is better than that BaCeO 3 -base oxide in humid or CO 2 -contained atmospheres. 14) From the literatures, 4),8),14)18) it was found that yttrium doping can enhance the conductivity of SrCeO 3 -base oxide proton conductor, but the structure stability is still not good enough to prevent structure decomposition in humid atmosphere. In contrast, zirconium doping can improve the mechanical and chemical stability of the SrCeO 3 -base oxide. Therefore, the yttrium and zirconium codoped SrCeO 3 based-type ceramic is a potential proton conductor in humid atmosphere at high temperatures.
Ceramic powders are always synthesized by the conventional solid-state reaction (SSR) method, which is the mixing of powder reactants, such as oxides and carbonates by ceramic ball media and then calcined at high temperature for long period of time to obtain the single-phase powders. Comparing to SSR method, wet-chemical methods such as EDTA-citrate complexing method, 18)21) solgel, 22) or the hydrothermal technique 23)25) are preferable when employing various ceramic materials. The ceramic powders prepared by EDTA-citrate complexing method just calcined at low temperature and only need a short period of time because the reagents are mixed on the molecular scale. The resulting powders exhibit small particle size, high specific surface area, uniform element and particle size distribution, which produce a high-density sintering membrane; therefore, it is expected to have higher proton conductivity and hydrogen permeation flux. The hydrogen permeation flux of the ceramic membranes depends on various material characterizations, such as the phase purity, the thickness, and the microstructure. It is well known that these material characterizations strongly depend on the synthesis method.
In this study, the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ compound is chosen as the membrane material because of its high electrical and proton conductivity and good structural stability in humid atmospheres. The Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ powders are synthesized by the EDTA-citrate complexing and SSR methods. The phase, microstructure, conductivity and hydrogen permeation flux of the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ ceramics prepared by these two kinds of methods are investigated in detial.
Experiment
Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ (SCZY) powders were synthesized both using the solid-state reaction (SSR) and ethylenediaminetetraacetic acid (EDTA)-citrate complexing methods. In the SSR method, stoichiometric amount of SrCO 3 (Aldrich, 99.9%), CeO 2 (Alfa Aesar, 99.9%), ZrO 2 (Riedel-de Haën, 99.0%), and Y 2 O 3 (Alfa Aesar, 99.9%) were mixed using ball milling with stabilized zirconia media in 98% ethanol for 12 h. The resultant mixture was dried at 120°C on a hotplate, followed by calcination at 1100°C for 12 h. The ball milling, drying, and calcination under the same conditions were repeated twice. The synthesis process of SCZY powder by EDTA-citrate complexing method is follow: 18) Firstly, EDTA (Riedel-de Haën, 98%) was mixed with 6 M NH 4 OH to form an NH 3 -EDTA solution, in which Sr(NO 3 ) 2 (Alfa Aesar, 99.0%), Ce(NO 3 ) 3 ·6H 2 O, and Zr(NO 3 ) 2 ·2H 2 O (Alfa Aesar, 99.0%), and Y(NO 3 ) 3 ·6H 2 O (J. T. Baker, 99.8%) were dissolved. The resulting molar ratio of EDTA: citric acid: total metal ions was 1:1.5:1. The pH value of the solution was adjusted to 6 by adding 6 M NH 4 OH solution. The solution was stirred and heated at 180°C on a hotplate, and stirred until the water evaporated and a sticky gel remained. This gel was heated at 250°C for 3 h, and calcined at 1100°C for 12 h. The calcined powders, preparing by SSR and EDTA-citrate complexing methods, were pressed into 10-mm-wide © 0.5-mm-thick discs at 89.63 MPa and sintered at 1450°C for 6 h.
The structure of SCZY powders were determined using a powder diffractometer (Bruker, D2 PHASER), which emits Nifiltered Cu K¡ radiation that scans diffraction angles of 10 to 80°i n 0.01°steps at a rate of 1°min ¹1 . The microstructure of sintered SCZY disks is observed by a Field-Emission Scanning Electron Microscopy (JOEL JSM-6701F). Silver electrodes were formed by painting both surface sides of the disk using silver paste, then heat at 600°C for 1 h. The electrical conductivity was measured using a DC two-terminal method. The resistance was measured by the data acquisition exchange device (Agilent Technologies 34970A). The conductivity of SCZY was calculated based on the equation as followed:
Where · is the conductivity (S/cm), L is the thickness of the sample (cm), A is the surface area of the disk (cm 2 ).
Then activity energy was calculated from Arrhenius equation as followed:
Where T is the temperature (K), Ea is activation energy (eV), A is pre-exponential, R is gas constant (eV/mol·K).
The electrochemical impedance spectra (EIS) measurements were performed using a Solartron (1255B & SI1287) in a frequency range of 0.1 Hz to 10 MHz and an AC amplitude of 30 mV at different temperatures.
The Ni-SCZY/SCZY hydrogen permeation device was prepared using tape casting. Firstly, the SCZY powders were mixed with NiO in a weight ratio of 55:45, and an excess 6 wt % of carbon powder (as the pore former) was added by ball milling the samples in ethanol for 12 h, followed by drying at 100°C. The weight ratio of powder to ZrO 2 ball is 1:10, and the ZrO 2 ball size is 3 mm. In order to produce the slurry, the powder and binder (B-73305, Ferro-MSI) were mixed in a weight ratio of 5:2. Ten layers of NiO/SCZY tape and one layer of SCZY tape were pressed at 90 MPa of pressure to a 35-mm diameter and 1-mm in thickness. The hydrogen permeation membrane was sintered at 1450°C for 2 h. The hydrogen permeation measurement was conducted using a custom-made device. The NiO-SCZY/SCZY was sealed on an Al 2 O 3 tube, using a glass ring. The NiO-SCZY side was exposed to pure hydrogen gas and reduced to be Ni-SCZY. The dense SCZY membrane was exposed to pure argon. The effective area of Ni-SCZY/SCZY hydrogen permeation device for H 2 permeation is 2.27 cm 2 . The gas flow rate was 150 mL/min on both sides. A gas chromatograph (GC, China Chromatography 9800) with packed columns was used to analyze the effluent. The hydrogen permeation tests were performed in a temperature range of 500800°C.
Results and discussion
The XRD patterns of the SCZY disks sintered at 1450°C for 6 h prepared by SSR and EDTA-citrate complexing methods are shown in Fig. 1 . The diffraction peaks of all samples both prepared by SSR and EDTA-citrate complexing methods match the characteristic reflections of the ABO 3 orthorhombic perovskite structure of SrCeO 3 (JCPDS 82-2370) with SrY 2 O 4 second phase. In the previous study, 18) the single phase SCZY without second phase of SrY 2 O 4 was synthesized as the yttrium-doping amount below 0.15. Sawant 8) reported that BaCeO 3 , BaZrO 3 and BaCeZrYO phases were formed in the matrix phase of BaCe 0.8¹x Zr x Y 0.2 O 3¹¤ (BCZY) compounds as x is higher than 0.2. The lattice parameters of SCZY prepared by EDTA-citrate complexing method are a = 8.447 ¡, b = 5.940 ¡, c = 6.005 ¡, cell volume = 301.35 ¡ 3 , which is smaller than that of SCZY prepared by SSR method (a = 8.511 ¡, b = 6.025 ¡, c = 6.041 ¡, cell volume = 309.82 ¡ 3 ). The radius of Ce 4+ , Zr 4+ and Y 3+ and ions respectively are 0.87, 0.72 and 0.96 ¡. The stoichiometric ratio of Ce 4+ , Zr 4+ and Y 3+ in Sr(Ce 0.6 Zr 0.4 ) 0.8 -Y 0.2 O 3¹¤ is 48:32:20. The mole percentage of Zr is higher Y, therefore, the lattice parameters of SCZY in this study is expected to be smaller than that of SrCeO 3 compound. Figure 2 shows the SEM micrographs of the SCZY disks sintered at 1450°C for 6 h. It is observed that there are few closed pores in the SCZY disk prepared by EDTA-citrate complexing method, but the SCZY disk prepared by SSR method shows a dense microstructure. The relative density of SCZY disks prepared by EDTA-citrate complexing method and SSR method respectively is 96.3 and 99.5%. In addition, it was found that the SrY 2 O 4 second phase is clearly observed on the surface of SCZY prepared by SSR method, but only small amount of SrY 2 O 4 second phase is observed and in the SCZY prepared by the EDTAcitrate complexing method. The average grain size of SCZY prepared by EDTA-citrate complexing method and SSR method is 4.65 and 1.65¯m, respectively. Apparently, the average grain size of SCZY prepared by EDTA-citrate complexing method is much larger than that of SCZY prepared by SSR method. The different grain size is expected to affect the electrical property and hydrogen permeation of the SCZY samples. Figure 3 shows the conductivity of the SCZY ceramics in air at various temperatures. The conductivity of SCZY samples both prepared by EDTA-citrate complexing method and SSR method increases as the temperature increases. The electrical conductivity of SCZY prepared by EDTA-citrate complexing method is much higher that of the SCZY prepared by SSR method, especially at high temperature range of 700900°C. The conductivity of the SCZY prepared by EDTA-citrate complexing method and SSR method respectively is 0.0081 and 0.0039 S/cm at 800°C. Figure 4 shows the Arrhenius plots of the electrical conductivity of SCZY ceramics prepared by EDTA-citrate complexing method and SSR method. The activation energy of the SCZY prepared by EDTA-citrate complexing method is 1.20 eV, which is lower than that of SCZY prepared by SSR method (1.56 eV). Figure 5 shows the impedance spectra of SCZY prepared by EDTA-citrate complexing method and SSR method in air at 500, 600, 700 and 800°C. The SCZY and conduction wires contribute to the Ohmic resistance (Z c ). The first semicircle at high frequencies is typically ascribed to the resistance of the grain bulk (R b ) and the second semicircle at low frequencies is the resistance of the grain boundaries (R gb ), but the last semicircle corresponds to the resistance from the charge transfer (R ct ). 17),21),26) The R t is the total resistance of Z c , R b , R gb and R ct . The Z c , R b , R gb and R ct for Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ decrease with the temperature increases that show a typical characterization of proton conductor. The R b , R gb and R ct of all samples are shown in Fig. 6 . Apparently, the resistances of R b , R gb and R ct for SCZY prepared by SSR method is much higher than that of SZCY prepared by EDTA-citrate complexing method at both low and high temperatures. This data consists to the result of conductivity measured by a DC two-terminal method (Fig. 3) . It was found that the R ct is the highest resistance comparing to R b and R gb , therefore, it is suggested that the charge transfer resistance is the rate determine step. In addition, the resistance of grain boundaries (R gb ) is higher than the grain bulk (R b ), therefore, it is expected that the SCZY with large grain size will exhibit higher conductivity due to small area of grain boundary. Figure 7 shows the Arrhenius plots of the R b , R gb , R ct resistances of the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ prepared respectively by EDTA-citrate complexing method and SSR method. The activity energy of the R b , R gb , R ct of the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ prepared by EDTA-citrate complexing method is 1.088, 1.087, and 1.641 eV, which is higher than that (0.716, 0.837, and 0.797 eV) of sample prepared by SSR method. This result indicates that the R b , R gb , and R ct resistances depend on the temperature, especially for R ct and the resistances of the Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ prepared by EDTA-citrate complexing method depends on the temperature is stronger than that of the sample prepared by SSR method. There is no charge transfer as Ce 4+ was replaced by Zr 4+ because the valence of Zr 4+ is the same with Ce 4+ , therefore, the conductivity of SrCeO 3 -based ceramic will not be improved by doping Zr 4+ . However, the mechanical strength and chemical stability of Zr-doping SrCeO 3 -based ceramic was improved comparing to pure SrCeO 3 compounds especially in CO 2 or humid reduction atmospheres. 13), 27) In order to increase the conductivity of Zr-doping -based ceramic, a portion of Ce 4+ and Zr 4+ is replaced by Y 3+ . The oxygen vacancies are generated to maintain the charge neutrality, as follows:
The interaction of oxygen vacancies with water produces proton charge carriers (OH o • ), as follows:
where O o x and OH o • are oxide ions and interstitial protons, respectively. A proton jumps from one oxygen ion to another and each jump is followed by a rotation around the oxygen ion to position for the next jump. 28) According to Eq. (5), the concentration of oxygen vacancy in perovskite materials is one of the major factors that affect the hydrogen permeation flux of the membrane. The formation of oxygen vacancies in SZCY depends on the dissolution of Y in SCZY. Figure 8 shows the hydrogen permeation flux of the Ni-SCZY/ SCZY hydrogen transport devices based on SCZY synthesized respectively by the EDTA-citrate complexing method and the SSR method as a function of the temperature. The thickness of the SCZY membrane is approximately 17¯m. This dense SCZY membrane is uniform and is effectively bonded with the Ni-SCZY supporter. 18) The hydrogen permeation flux increases as the temperature increases from 500 to 800°C both for the SCZY membranes prepared by the EDTA-citrate complexing method and the SSR method. Apparently, the hydrogen permeation flux of SCZY membrane prepared by the EDTA-citrate complexing method is higher than that of SCZY prepared by SSR method. The hydrogen permeation flux of SCZY membrane prepared by the EDTA-citrate complexing method increases from 1.102 to 1.745 ml min ¹1 ·cm ¹2 , which is higher than that of SCZY membrane prepared by the SSR method (0.574 to 1.466 ml min ¹1 ·cm ¹2 ) as the temperature increasing from 500 to 800°C.
The SCZY membrane prepared by the EDTA-citrate complexing method exhibits higher hydrogen permeation flux because it has only small amount of SrY 2 O 4 second phase comparing to the SCZY prepared by the SSR method, which was confirmed by the SEM micrograph and the lattice determined by XRD, result in lower charge transfer resistance, which was confirmed by AC impedance spectra. In addition, the grain size of the SCZY membrane prepared by the EDTA-citrate complexing method is much larger than that of the SCZY prepared by the SSR method that result in the small area of grain boundary and low resistance comes from grain boundary.
Figures 9(a) and 9(b) shows the XRD patterns for the SCZY samples respectively synthesized by the EDTA-citrate complexing method and the SSR method after heat treatment in 80°C water for 12, 24, 36, 48, and 72 h. 29) Comparing these XRD peaks with that of the as-prepared SCZY samples, it was found that the all of the XRD patterns are the same and the intensity of the diffraction peaks does not change. No other second phases are observed except the SrY 2 O 4 phase, which exists in the asprepared SCZY powders. All of the diffraction peaks are sharp and the intensity remains unchanged after heat treatment in 80°C water, which demonstrates that SCZY powders both synthesized the EDTA-citrate complexing method and the SSR method has excellent structural stability in humid atmospheres.
Conclusion
The Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ proton conducting ceramic synthesized by ethylenediaminetetraacetic acid (EDTA)-citrate complexing method exhibits higher conductivity and hydrogen permeation flux than that of sample prepared by solid-state reaction (SSR) method. The conductivity and hydrogen permeation flux of Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ synthesized by EDTA-citrate complexing method respectively is 0.0081 S/cm and 1.745 ml min ¹1 ·cm ¹2 at 800°C, because it has lower charge-transfer polarization with only smaller amount of SrY 2 O 4 second phase and lower resistance comes from the grain boundary with large size gains. The structure of all samples are stable, no structure decomposition of matrix Sr(Ce 0.6 Zr 0.4 ) 0.8 Y 0.2 O 3¹¤ or the other compounds are observed in 80°C water.
